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Abstract. The aim of this paper isx
retievals-ando highlight howTROPOMI trace gas data canshé&eusedand interpretetio understand evetitased
impacs on air qualityfrom regionalto city-scales around the glohd-orthis study, we present thebservedhangs
in the atmosphericcolumn anountsof five trace gases (N SO,, CO, HCHO and CHOCHOJ{letectedby the
Sentinel5P TROPOMI ingtument, driven by reductions aihthropogenic emissions due @VID-19 lockdown

measuresin 202Q We report cleaCOVID-19related decreases MIROPOMINO; concentrationsolumn amounts

on all continentsFor megacities;eductions in column amounts wbpospheric N@range between 14% and 63%.

For Chinaand Indiasupported byNO, observationswhere the primary soce of anthropogenic S£is coakfired

power generationwe were able to deteceatorspecific emission changes usitiye SO, data For HCHO and
CHOCHO, we consistently observe anthropogenic changegoinveek averagedolumnamountsover China and

India during the early phases of the lockdowriquis. That these variations over such a short foa¢eare detectable

from spaceis due to the high resolution amehproved sensitivity ofthe TROPOMI instrument. For C@ve observe

a small reduction over China which is inncert with the other traceag reductionsobservedduring lockdown

however largeinterannual differences prevemnfi conclusions from being drawfhe joint analysis of COVIEL9
lockdowndrivenreductiondn satelliteobservedrace gagolumn amountausing the latest operatiorahd scientific

retrieval techniquefor five specieconcomitantlyis unprecedenteddowever, the meteorologically and seasonally
driven variability ofthe fivetracegasesioes not allowior drawingfully quantitative conclusions ahe reduction of
antlropogenic emissions based ®BROPOMI observations alon&Ve anticipate than future,the combined use of
inverse modelling techniques with the high spatial resolution data from S5P/TROPOMI for all observed trace gases
presented here, willield asignificantly improved sectespecific, spacdased analysis dhe impact of COVID19
lockdown measures as compared to other existing satellite observations. Such analyses will further enhance the

scientificimpactand societatelevance of the TROPOMI mission.
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1 Introduction

In an effort to limit the transmission of the SAR®V-2 virusresponsible for the Coronavirus disease 20&9eafter
referred as COVIELY), drastic lockdown meares were implemented around the glioitee first halfof 202Q These
policies led to dramatic reductions in human activity, especially in the transport and industrial sectors, resulting in
large decreases in the concentration of air pollutants (Baueteals 2020; Shi and Bragur, 2020forster et &,
2020; Diamond and Wood, 202Rroll et al,, 202Q Le Quéréet al., 2020; Guevara et al., 20&katzelis et al., 2091
These changes were observed over China as early as February 2020 (Bauwe®26t &iu et al.2020;Zhang Z.
et al, 2020; Zhao, Net al, 2020 and were detectddterin many other countries as similar lockdown measures were
adopted (Bauwens et al., 2020; Broomandi et al., 2020; Collivignarelli et al., R&2@t al., 2020¢Gkatzelis et al.,
20221 Koukouli et al., 2021).

The TROPOsberic Monitoring Instrument (TROPOMI; Veefkind &it, 2012; Ludewig et al2020)on board the
European Copernicus SentirftePrecurso(S5P) satellite, launched on 13 October 204 Bpediically designed for

tropospheric monitoring orhe global scaleand hasa daily revisit time. Compared to its predecessor OMI,
T R O P O Mlgl@estspatial resolution (3.5 x 5.5 Knis about 16 times bettand its signato-noise ratio per ground
pixel is substantiallyhigher. Thisresuls in a spectaedlatargeimprovement in measurement sensitivity for relevant
air quality productsincludingNO,, SO,, HCHO, and CHOCHGOthusenabling the study of rapid emission changes
for evensmaller sourceas comparedb previous instruments. For CO measuremethis dailyglobal coverage of
TROPOMI at a resolution of 7 x 5.5 Rnrepresents a huge improvement to its predecessor SCIAMACHY
(Bovensmann et g11999;Borsdorffet al., 2016Borsdorffet al.,2017) with a patial resolution of 120 x 30 Kin

The observationfom TROPOMI thus provide a unique opportunity to observe the magnitude and timing of the
changes in tropospheric trace gas constituents, resulting from unprecedented-CIDMHRdown measures. The
initial TROPOMI observations of dramatic reductiondli@, cencentrationsolumn amounover regions with strictly
enforced lockdowns, over China in particular, triggered a high level of interest worldwide, and initiated a large number
of studies, mainlyaimed at regional scales and largely focused N@,. Howeer, the unparalleled capacity of
TROPOMI to provide relevaninformation on COVID19 driven emissiomeductiors based on multiple species
measurements has not been exploited yet. The objectivesofitink is to investigate the COVIDI driven changes
in theeeneentratiorrolumn amountsf five trace gaseNO., SO, CO, HCHO, and CHOCHdrom the global level
down to individual citiesising stateof-the-art TROPOMI operational and scientifiataproducts More specifically,
we aim to

1. ExpandSummarize¢heanalysis of tropospheric N@it city-scale forte-all continents

A large body of studies investigated the impact of the CO¥®Dockdowns oMNO; concentrations (e.ggauwens et
al., 2020; Baldasamn 2020; Huang et al., 2020), at regad and continentacale. Herewe analyze théme series of
NO; measurementom a single satellite instrumefdr globally distributed locations on regional city scales. In
doing so, we further demonstrate tirdque capabilities diow theTROPOMI instrumentan beusedto consistently

trackchanges irair quality and anthropogenic emissi@wsoss the globe
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2. Explore the high spatial resolution and simultaneous TROPOMI observatibi®080,, CO, HCHO, and
CHOCHO.

While all of these gases have significant anffmgenic sources, they differ tineir relative contributiorto theenergy,
industry, and transpoector emissionsand each sectoexhibits a different responséo COVID-19 lockdown
measuresTherebre, the combination of several TROPOMI trace gas prodimitainsadditionalinformation on
sectorspecific emissions and COVHDI lockdowninduced changes in atmospheric compositddfe show that
meaningful trends and source detection can be raddiy using theunprecedentedhhigh spatial resolutiorof
TROPOMI dateand by averaginthatdata over relatively short time periods. Although this is in large part the result
of the improved sensitivity of the instrument, we also introduce new devetdpiimgrace gas retrieval techniques
and adhoc corrections to enhance the sensitivity of the TROPOMI datasets to even smaller emissions and smaller
changes in emissioni order to achieve these goals, we discuss the strengths and limitations of theabtaevals
for tracking global to cityscale changes.

In the next section, the TROPOMI data will first be described in general terms, followed by a description per species
to address the retrieval methods, as well as a description of how we baolléta product in this studyrhe goal
of this methods and data section is not only to explain how this study was conducted but also to provide guidance to
data users on how to best interpret and analyze TROPOMI trace gas data not only for ledttdenvemssion
changes but also for other evaliiven changesThis will be followed by acontextsetting section deseribing
reviewing the global and regionaimpacs of COVID-19 lockdown measuresnd cityscale effectsoa-for all

continentsusing TROPOMNO; daia. The next two sections will describe the effect of the lockdown measures on a
regional scale by examiningO,, SO,, CO, HCHO, and CHOCHO fdaehinaandindia. The last section will feature

an outlook of future applications for this type of analysis foldvby conclusions.

2 Methods and Data

In this work, our analysis is primarily based on TROPOMI datadgionallockdown periodin 2020 as compared

to the same peri@dn 2019 and will be presented in the broader context of the TROPOMI operationatctaid, r
which started on 30 April 2018Ve make use of observations from the TROPOMI instrument on board S5P which is
a pushbroom imaging spectrometer (Veefkietl al, 2012) measuring in the ultraviol@lV), visible (VIS), near

infrared(NIR), and shortwve infrared SWIR) spectrabandssekcted tomeasure the absorption by a large number

of trace atmospheric constituents as veslby clouds and aeroseisy

number-oftraceatmosphericonstituentsUsing the pectral radiance measurements from HRIMI, atmospheric

coencentrationsolumn amountsf different gases are retrievad well as cloud and aerosol propertias thiswork,
we use the following TROPOMI data products: NSO, CO, HCHO and CHOCHO as suranzed inTablel. We
did notincludethe following TROPOMI data productsopospheric ozone colummdue tothe tropicsonly spatial

coverage methanedue to an evetongeratmospheridifetime than COwhereits sources weraot as impacted by
lockdown measureandaerosol indexdesigned to highlighbng-range transported and/or elevated plumes of smoke,

dust andbr ashandwhich isnot a quantitative measuoé aerosol amont nor sensitive to neasurface emissions

3
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The S5P satellite flies in a Sesynchronous orbit, with a local overpass time of 13:30. TROPOMI has a 2600 km
wide swath, providing neataily global coverage. The spatial sampling of TROPOMI varies oeesghctral bands.
The nadir sampling at the starttb operational period on 30 April 2018 was approximately 3.5 x%(&onoss x
alongtrack) for the ultraviolet and visible bands, and 7 x 7 kithe shortwave infrared band. On 6 August 2019,
afterimplementation of a modified eadding scheme, thesaling for these bands was improved to 3.5 x 5.5 km
and 7 x 5.5 krf respectively.

TROPOMI observations are being widely used within and beyond the scientific commungy iaisl crucial to
provide information on how these observations can bassé@, interpreted, and analyzed. The COXM®Iockdown
periods provide a unique usase for the TROPOMI lead algorithm developers to highlight important differences in
the individual atmospheric lifetime and detectability of each trace gas and show &éssvaharacteristics are key to
the interpretation of theoncomitantobservationslt is not sufficient, for example, to illustrate lockdowriven
changedn emissions simply byedecting a singleday or week of TROPOMI column data for a given regisn
measured during lockdownperiodto the same day or week from year(s) p(Braaten et al., 2020y\We gofurther
to addresghe importance of delineatingheteorological and seasarvariability fromlockdowndriven changes in
emissions

Therefore, westart thismethods and datsection with a general overview of considerations for the data user to take
into account foanalyses aimed at the quantification of changes in thesemisf these trace gases. Néxtledicated
subsectionsye provide a sumary of the most relevant documentation and retrieval methods emgfimyedch trace
gas(see Tabl&1). Even thougheach retrieval is based on the analysithefamount of tracgas specific absorption

in measured radiance spectra, methods differ saamfly per species.

2.1 Understanding and Interpreting TROPOMI trace gas retrievals

For this paper we will focus on TROPOMI trace gas retrievals fot, SQ, CO, HCHO, andCHOCHO(SeeTable
1). To understand and interpret the TROP@neasurements of thes@ace gaspecies and how theary with respect
to COVID-19 lockdown measures, it inecessary to consider their sourcesriability through the atmospheric
column,andtheir atmospheric lifetimes. Although the mechanismstfi@remissionof each gas are different, there
are several common anthropogeansissionsources, most notablydim transportation and indust@as listed inTable

1 which were significantly impacted by lockdown measure

Table 1: Summary of the retrieval spectral range, atmospheric lifetime, and+imary—main emissbn sources, for each trace
gasaddressed in this study.

Trace Gas Spectral Range Typical lifetime Primary-Main emission
Data Product Type sources
(retrieval reference)

NO, 405465 nm 2 to 12 hours - Transportation
Operational - Industry
(van Geffen et al., 200) - Power generation

- Biomass burning




SO 310.5326 nm 6 hours to several day - Powergeneration
Prototype - Industry
(Theys et al., 2021 - Transportation
- Volcanoe$
(6{0) 23242338 nm Weeks to a month - Transportation
Operational - Residential cooking and
(Landgraf et al., 2006 heating
- IndustryPewer-generation
~Industry _
-TFransportation
. . ki
heating
- Biomass burning
- Oxidation of biogenic
hydrocarbons
- Methane Oxidation
- Power generation
HCHO 328.5359 nm Several hours Primary and secondary produc
Operational (NMVOC precursors) from:
(De Smedt et al., 2018) (lifetime of NMVOC - Biogenic emissions
precursors up to - Biomass burning
several days) - LndastFyTrar_\sgortanon
- Fransportatiomdustry
CHOCHO 435460 nm Several hours Primaryandsecondary product
Prototype (NMVOC precursors) from:

(Lerot et al. 20616,2020) - Biogenic emissions

- Biomass burning

(lifetime of NMVOC
precursors up to

several day@to-3 - Transportation
hours - Industry
139  Wolcanic emissions are not significant for this work.
140
141 A brief evaluation ohow the sources of these trace gasese or were not affeied by lockdowrdriven changes

142  lendsinsightinto expected changeln general, primary production trace gasie® NO, and SQ with relativelyshort

143  atmospheric lifetimes exhibit emission changestnatesarly and rapidlyAlthough NG and SQ are both inportant

144  primary productioranthiopogenic pollutants, tliresectoal sources are differenfEor instancgthe impact of lockdown

145  on thetransportation sector is expectechtve a bigger impact ddO, than SQ, since this sector is responsible for
146  about 30%of the global NOx emissions and only 1% of the globa} 8@issionsaccording to the CAMBNT

147  inventory (Granier et al., 2019Dn the other hand, S@missions are more likely to be impacted by possible changes
148 in power generatigrsince thissector acounts for 52% of the global S@missions and only 30% di& global NOx

149  emission (Granier et al., 2019).

150 For CQO secondary produidn by methane oxidation and theigation of (biogenic) hydrocarbons accosifar at

151 least 60% of the total atmpiseric @O, followed by contributions from biomass burning and fossil fuel(sdler et

152  al., 2018 Holloway et al., 2000 AnthropogenicCO enissionsoriginate from theindustry, transportatignand
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residential sectarand accountor about30% of the global em#sons(Granier et al., 2009 However, it is noted that
the relative ontribution of these sources varies per global regidranieret-al—2019Janssendaenhout et al.,

2019. Althoughlocal impacts of lockdown aiéely for locationswith stronganttropogenicCO emissions, overall

a much smalledockdowndriven impact is expectefbr CO based on its longer atmospheritefime and smaller
contributions from lockdown affected sourc¢€sark et al., 2021)
Both HCHO and CHOCHO are shdited indicaors of nommethane volatile organic compound (NMZP

emissions resulting from biogenic processes, large biomass bureingseand anthropogenic activitiddillet et al.,
2008;Fu et al., 2008; Stavrakou et al., 20Bauwens et al., 2016; Chan Milldrad., 2016§. They are mostly produced
as secondary products from oxidation of other NMVOCSs but are also directly emstteddmbustion and industrial
processes, although to a lesser extargeneral, the relative production of CHOCHO from such condiuprocesses
and from the oxidation of aromatics, originating mostly it industriakector, is higher than for HCH®hus, the
CHOCHOresponse tehanges iranthropogeniemissiongs expected to bstronger Chan Miller et al., 2016Cao
et al., 208).

It is important to note that the retrievals provide information on the tropospheric or total column amount of these
gases, because the spectra contain limited information on their vertical distribution in the atmosphere. TROPOMI
observations thugpvide atwo-dimensional representation of the thdimensional atmosphere. The vertical profiles
of each tracgasvary significantly depending on the injection height of the emissions and atmospheric |{fstzne
Tablel). Forexample, NOx emissions at the surface result in Wtical profiles that peak ithe neaisurface layer
(lowest :2 km of the troposphergdlue to the shortifetime of NO,. Similarly, SQ has a vertial profile which
generally peaks in the lower troptggre.CO on the other hanfiasa lifetime of weeks to a month (depending on the
reaction with the hydroxyl radicaBnd can be transported owvgreatdistances, both horizontally and vertically.
Therebre, COeven though it is often eemitted with NQ, has a significantly higher background concentration
throughout the troposphere as compardd@. HCHO and CHOCHO have lifetimes of a few hours but are generally
formed in the atmosphere via secondargdoiction processes, which leadsao intermediate pfile shapeas
compared tdNO, and CO.

In addition to vertical profiles that vary per trace gas species, the vertical sensitivity of the TROPOMI measurements
also varies per species. For the traases retrieved in thHgV and VIS rangesthe sensititty decreases towards the
surface so that the accuracy of the retrieved column depends onrcharltterized a priori knowledge of the vertical
distribution. Due to scattering, the nearrface sensitity is lower in the UV (S@ HCHO) than in the VIS (8, and
CHOCHO). In theSWIR range the vertical sensitivity is more constant. As part of the retrieval process, a priori
vertical profiles of each trace gas are scaled to match the measured troposploenit. An uncertainty in the
retrieved column amourtr vertical column density (VCD) is associatgith inherentdifferences between the true
and a priori vertical profiles. However, the averaging kernels, which are reported in the dataspcadunt used to
replace the a priori profiles with custom files (e.g. Eskes and Boersma, 20&3kes et al., 202@herbyreducing
the corresponding uncertainty. In this study, we mostly focus on relative chiang@€®s and use standard a priori
profiles for each data producthereforethe uncertainty relatetb thevertical profile is rather small (as detailed

Sect 2.2 through2.6). Another contribution to this error is the use of padiyudy scenes by each retriewahich
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increases the amount catd available but does change the vertical sensitivity. The cloud fraction thréshedth

trace gas is described Sect.2.2 through2.6. In future studies, the averaging kernels could be useth¥ersion

modelling of emissions. As explained in Eskes and Boa@d03, relative comparisons between the observations and

the model used in the inverse modelling system, and therefore the resulting emissions, no longer depend on the

retrieval apriori profile shape when the kernel is applied to the mbd&kure-studes,-the-averaging-kernelscould

e ed-forinve onh-modellina-of-em on h alimin na-th Qrro |ete|y

{photo)chemicalreaction§ROPOMI observes atmolsgric concentrations of trace gases integrated over a vertical

column, which is not the same as a direct measurement of thes(méeee) emission. The amount of a given trace

gas integrated ovex vertical column at a certain location depends not onlgmission and deposition, but also on

atmospheric transport and (photo)chemical reactMote that the background concentratiohigher for trace gases

with a longer atmospherlifetime. In turn, enhanced background concentrations will increase ldé/eeimportance
of atmospheric transport versus local emissions. Localéiiissions have a relatively large impact on the measured
column amounts, while for CO the contribution of remote souceesin some cases be superimposed on local
emissions thusnaking the interpretation more difficult. To attribute a change in concentration to a corresponding
change in local emissions, the effects of meteorology and chemical lifetime must be accolageuedbr

While emissions can be estimated fronel&é observations using datliven methods (Beirle et al., 201Beirle
et al., 2021; Fioletoet al., 2016; Goldberg et al., 2019) or using complex inverse modelling techrécggedilfet
et al.,2008; Stavrakou et al., 2009; Bauwens et2416;Ding & al., 2020 Miyazaki et al., 2020Borsdorffet al.,
2019 Borsdorffet al.,2020, herewe use a more qualitatiaproach to probe emission chand€isst we compare
the eenecentrationgolumn anountsin 2020 with those from the same period frearlier yearsaand then carry out
additional analysis to separate tloekdowndriven variability from seasonal and meteorological variabilitying

into account local information about lockdown and apttéd impacts from different source sectaisngin-account

- . s

2.2  Nitrogen dioxide (NO)

The tropospheric column of nitrogen dioxide (j@& a TROPOMI operational data produdeéfkind et al., 2012;
doi.org/10.5270/S5B4ljg54). Product versions are listed in the PradReadme File (PRF, Eskes and Eichmann,
2019a).The retrieval method is described in detail in the;M@orithm Theoretical Basis Document (ATBBan
Geffen et al., 2019)The data product and data usage described in in the N®roduct User Manual (R, Eskes
et al, 2020).The dataset used for mostO, analyses cover the period fratmJanuary 2018 to 30 May 2020. For
Europe thedatasetvas extendethrough31 August 2020.

The retrieval algoritim derives NQ information fromspectral rangd05465 nmandis largely based on the OMI
NO; retrieval developments implemented during the EU QA4ECV project (Boersma et al., 2018). The retrieval

consists of three steps. The first step is based on the DEpA®ach, in which the total slant column oDNs
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retrieved from the TROPOMI spectra, as discussa@inGeffen et al2020. The second step is the estimation of
the 3D stratospheric distribution of Nbased on an assimilation of the TROPOMI slasiticin data of previous
daysusingthe chemisty-transport model TMBMP (Williams et al., 2017) run at X 1°. This assimilation is set up
to predominantly makeise of measements over clean areas (eogean andemote land regions) with limited
tropospleric NG.. The third step is the conversiontbg tropospheric slant column (total minus stratosphere)ginto
tropospheric vertical columioy combining radiative transfer calculations with a priori profile shapes from the TM5
MP model. The datproduct izvery comprehensivend provides all the inpsuch as surface and cloud information)
and intermediate products.
The tropospheric column is delivered with corresponding averaging kernels and a detailed error estimate. The
random error on the slant cohm is discussed in van Geffen et al. (202@y & on the order of 0.56x10molec cm
2for individual measurements after 6 August 2019 (for pixel size 3.5 x 56 Khis translates to onlyrsal random
errors in the totatolunns on the order of 0.2x}0moleccm. Uncertainties in the estimatétbe local stratospheric
column amount is of the same order of magnitude. The uncertainty related to thgat@npof the aimass factor
(AMF) is much more significant for tropospheric columns over pollateés. The AMF uncertainties are driven by
the treatment of surface albedo, clouds, aerosols, and profile shape. Such errors are multiplicative, and are of the order

of 20-60% depending on the geographical location, time of day, and séasonGeffen etal., 2021) These

uncertainties are modelled for individual observations and are provided in the data product.
As for all operationalTROPOMI data products quality assurance valuga value) is provided to filter the data

and removéower quality catawhere the recommended threshold value depemithe applicatiofsee als@ ppendix

A, Table Al). For direct visualization or gridding applicationgja value greater thah75 is recommended. For
comparisons with models andtd assimilation througlhé¢ use of the averaging kernels, a relag@dvalueof greater
than 0.5 may be usedin this study we us&O; retrievals with aga_valuegreater tharD.75. Application of this
ga valuethreshold corresponds to data with mostsar-sky conditions (cloud radiance fractions < 0.5) andlies
thatthe data is filteredo remove retrievalg/hich do not meet certain qualityiteria as described van Geffen et al.
(2019).

Several recent papers discuss the validation of thep@lict against independent olpgations (Verhoelst et al.,
2021, Tack et al., 2021Judd et al., 2020; Dimitropoulou et al., 2020; lalongo et al., 202® nfain findings can be
summaried as follovs: the stratospheric and slant columns are in good ovenaemgnt with other satellite
measurements (van Geffen et al., 2020) and with grddaiseéd obseations (Verhoelst et al., 20R1However, the
tropospheric column presentsnagativebias of the oder of 30% with respect to groufiised remote sensing
reference obswations (Verhoelst et al., 202Dimitropoulou et al., 2020), as well as with imaging data from airborne
measurements (Juad al., 2020; Tack et al., 20RAlthough the origin of thi®ias remains unclear and miag due
to several causes, valitlon results indicate that it scales linearly with the retrieved tropospheric rc@omunt
(Verhoelst et al., 2023seeFig. C1). As a result, (COVIbrelated) relative changes in the Nélumn e.g., (2020
2019)/2019, should be largely insensitive tis thias.
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2.3  Sulphur dioxide (SO)

Initial analyses were performed using the TROPOMI operational data pfod& (Theys et al., 2017). However,
biases present in those data (Fioletov et akpPBamper the detection of thge ofsmall changes in SOtypically
on the order of0.1 DU, that arainder investigation in this workTherefore, an alternative retrieval scheme was
applied, theso-called COvarianceBased Retrieval Algorithm (COBRALheys et al., 2021In brief, the approach
considers a set &Oy-free spectra in the wavelength range 31826.0 nm (from TROPOMI band 3) to represent the
radiance background variability, in the form of a covariance matrix. The latter is updated forlagchiROPOMI
row, and per latitude band. The covariancerixné used to determine the $€lant columns from individual spectral
measurements using an optimally weighted single parameter retrieval (see Walker et al., 2011). We note that COBRA
does not recalculate air mass factors (AMF). These are simply extrfacin the operational product tonvert S@
slant columns into vertical columns (VCDs). Compared to the operational DOAS results, COBRA significantly
improves the SEVCDs, both in terms of precision and accuracy. Because the approach empiricallytsfooalth
sources of systematiariability in the measured signal, largeale biases typically observed with the DOAS approach
are efficiently removetkading to a larggain in sensitivityseeFig. C2).

In this study, we use SQetrievals under elarsky conditions(cloud fractims less than 30%) witkolar zenith
angles lower than 60and we eliminat@5 swath edgpixels from each side of thebit swath(450 pixels widg The
random error in th&O, vertical columns is rather small in the rargfe0.5-1.0 DU, and can be largglreduced by

data averaging. Errors due to spectral interferences are estimated to be very low, about(@&/BEt al., 2021)

Remaining systematic uncertainties are mostly from the auxiliary data used in the AM&ticadcand ag in the 30

50% rame. The datset used for this analysis covers the period from May 2018 to June 2020.

2.4  Carbon monoxide (CO)

The total column of carbon monoxide (CO) is a TROPOMI operational data product obtained using TROPOMI 2.3
micron measrements (Veefkind et al., 201di.org/10.5270/S5Rhkp7rp). Product versions are listadtie Product
Readme Filel(andgraf et al.2020. The data product and data usage are described in in the CO Product User Manual
(Apituley et al., 2018)This CO retrieval uses the Shortwave Inied CO retrieval (SICOR) algorithm method and is
described in detail in the CO Algorithmh&oretical Basis Documeritgndgrafet al.,2018. Thealgorithmsoftware
is based on a scattering forward model and retrievesdesceolumns simultaneously witfiextive cloud parameters
(cloud height, cloud optical thickness) from the SWIR channel to account for cloud contaminated measurements
(Landgrafet al.,2016, 2018 The inversion deploys a profile scaling approach by whictertical CO reference
profile is scaled to obtain agreement between the forward simulation and the spectral measurement @aisdorff
2014). The reference profile is based on a monthly averaged simulation from the global chemical transport model
TM5 and thus varies spatialnd temporally (Krol et al2005). The vertical sensitivity of the retrieval for clesky
conditions is good throughout the atmosphere while measurements for cloudy conditions have reduced sensitivity
under the cloud (Borsddrét al.,2018.

In this study, we uséhe CO retrievalfor measurements under clesity and cloudy atmosptie conditions (cloud

altitude less tha®d000m). This corresponds to filtering the dataset by using the qaaBtyance valugga_value
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greate than0.5) that are supied with the data product. CO retrievals under low cloud conditions perform well for
unpolluted scenes however can lead to e.g. lower CO values when pollution hot spots are present below the cloud due
to optical shielding and saating (Borsdorffet al, 2018. Consequently, retrievals under cloudy conditions must be
considered with care, however they are essential to improve the data coverage especially over the oceans-where clear
sky measurements are hampered by the low reflgctf water in theSWIR spectral range.

The CO retrievaskill lies wellwithin the requirements of the TROPOMI mission (Veeflandl.,2012) on accuracy
(< 15%) and precision (£0%). This was shown by validation with groubdsed FTIR measuremermperated by
the Total Cébon Column Observing Network (TCCON). TROPORIO is biased high compared to TCCON by
about 6 ppb with a station to station variability of about 4 ppb (Borsévrdl.,2018 Lambert et al., 2020 The
dateset used for this analigscovers the period frorh January 2018 t80 May 2020.

2.5 Formaldehyde (HCHO)

The tropospheric column of formaldehyde (HCHO) is a TROPOMI operational data product (Veefkind et al., 2012;
doi:10.5270/S5RjIxfd2). Product versions are listed in tRECHO Product Readme FileDle Smedt et al., 202Da

The data product and data usagedescribed in in the HCHO Product User Manual (PUM, Romahn et al., 2020).
TheTROPOMIHCHO retrieval algorithm has been fully described in De Smedt et al. (2018) andH@H@ATBD

(De Smedt et al., 208). It is based on the DOAS method, and is direictherited from the OMI QA4ECV product
(https://doi.org/10.18758/71021031The fit of the slant columns is performed ie 8gectral interval of 32883590

nm. Reference spectra are updated daily using an average of Earth radiances selected in the Equatorial Pacific region.

The conversion from total slant to tropospheric vertical columns is performed using-apldakle of veically
resolved air mass famts calculated at 340 nm. A priori vertical profiles are provided by the-WMAXdaily forecast
with a spatial resolution of £ 1 degredWilliams et al., 2017). Cloud properties are takenrfrthe S5P operational
productCloud as Reflecting Boundar{CRB; Loyola et al., 2018). In order to correct fany remaining offset and
striping due to instrumental artefacts or unknown misfits in the spectral retrieval, a background correction is applied
based on HCHO slant columns sedetin the emissioffree Pacift Ocean. The background HCHO vertical column,
due to the methane oxidation, is added using data from the TM5 model in the reference region. We use the quality
assurance valuegd value greater thahb) to filter out obsent#ons presenting a s zenih angle larger than 70°
or cloud fractions larger than 0.4.

The HCHO retrievafulfils the requirements of the TROPOMI mission (Veefkatdal.,2012) on accuracy (40
80%) and precision (¥10" molec cn?). The precisiorof a single bservation is eshated to be 5x10 moleccnr?
in remote locations. The dispersion is naturally larger oveutgall sites (from -10x10'®> moleccm?). Validation
using a global network of FTIR measurements indicates that TROPOMI HCHO cqtuesesit a negative bias over
high emission sites30% for HCHD columns larger than &%0'® moleccm?) and a positive bias for clean sites
(+20% for HCHD columns lower than 2x30'° moleccm?) (Lambert et al., 2020vigouroux et al., 2020).

To chaacterize the HCHO interannuatd seasonal variability, we have used the QA4ECV OMI dataset to construct

a climatology based on recent years (2Q008). This is justifiedhe good agreemebetween OMI and TROPOMI
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332  HCHO columns which igetterthan 10% fomost regionsl{ambert et al.2020. For our analysi, we use twaveek

333  averaged columns. This reduces the random uncertainty to about 10%.

334 One of the main drivers of the observed HCHO variability is temperature, which has a direct impact on NMVOC
335 emissions and on the chemical gextion of HCHO (Stavrakou et al., 2018). It results in a strong correlation between
|336 HCHO columns and surface temperatufes. this paper, weorrect the HCHGencentrationsgolumn amountfor

337  this meteorological impact pri¢o using the data in the analyses. We introduce a temperature correction method (Zhu
338 etal, 2017) based on data fradMI for 20052020, androm TROPOMI for20182020. In brief, this correction

339 entailsfitting a seconebrder polynomial through daily HCHEblumns reported as a function of the temperature. This
|340 novelanalysiemperature correctiois performed for each region and on the OMI and TROPOMI time series

341  separately. On this basthe temperaturenduced variatns in HCHO are removed from the &meries using local

342  daily temperatures specified by ERAANd 2m meteorologicalatasets Mufioz Sabater201%; SeeFig. C3). This

343  correction is designed to minimize the impact of temperature fluctuationthe HCHO aomalies.Finally, a

344  polynomial obtaned using a climatology of surface temperatures is added to the differential HCHO columns, in order
345  to reintroduce the natural seasonal cycle, assuming the same temperature every year. These teropecdtae

346  HCHO cdumns are used throughout this papéote that the difference with uncorrected HCHO columns is generally
347 small (less than 10%), but can be significant when looking for small effects such as those induced byl@OVID

348 related emission changes. The datased for this analysis covers the ipdrfrom May 2018 to June 2020.

349 2.6  Glyoxal (CHOCHO)

350 Glyoxal (CHOCHO) is nobne of the TROPOMI operatieis data products. For this study we used the prototype
351 data product developed as part of the ESA S5p+l GLYRETRO project, which relies on scientifapoeregs

352  performed using the GOME and OMI instruments (Lerot et al., 2010). The algorithm is describdétail in the

353 GLYRETRO ATBD (Lerot et al., 2020). In brief, the retrieval approach consists of a Bij#eSspectral fit for the

354  observed optical delptwith reference absorption cressctions for glyoxal and other absorbing species;(Ig) O-

355 O liquid water andwatervapor, and the Ring effect) in the spatinterval of 435460 nm to derive glyoxal slant
356  column densities. The latter are conveited tropospheric columns using calculated air mass factors, after application
357  of a background correctioprocedure aimed at reducing possible remaining-ftependent) systematic biasés.

358 mass factors are calculated following the formulation of Paghat. (2001), which combines altitudependent air

359 mass factors (or BGAMFES) with a priori glyoxal cacentration profiles. The BeAMFs represent the instrumental

360 sensitivity to changes in concentration at any altitude and are precomputed usingidheeracnsfer model
361 VLIDORT v2.7 (Spurr and Christi, 2019), while the a priori profiles are providetheyMAGRITTE chemistry
362  transport model (Maller et al., 2018, 2014}~

363
364
365

366 The glyoal optical depth is very small (< 5xI§) which makes its retrieval very sensitive to instrumentalenaisl

367 to interferences with spectral signatures of species absorbing more significantly in the same spectral region. The first
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factor introduces largeandom errors, in the rangel®x10“* moleccnr?, which can however be reduced spatiat
temporal averagg, that is, using multipl@bservationsaveragedime and/or space. Systematic uncertainties are
dominated by spectral interferences, but also byetamties associated with the auxiliary data used as an input for
the AMF calculation. These uncertaggiare estimated to be3210 moleccm? (~50% forsource regior)s To limit
uncertainties related to cloud contamination, glyoxal observationsmfrgmvided for scenes with effective cloud
fractions smaller than 20% (taken from the operationaj plfoduct). As with HCHO, b account forseasonal and
interannual variability, a climatology of OMI CHOCHO columns was built to further delineate saircasability

for glyoxal column amounts.

Validation of satellite glyoxal column observations is gafly limited, mostly due to the scarcity of independent
groundbased data. However, a preliminary validation based on a few-M@AS statios in Asiaand Europe,
indicates that the satellite and ground instruments measure consistent glyoxal tropospimariamountsvith mean
differences generally less than 2%1foleccm?, except in particular conditions such as low sun elevatidieror
stationsthat arefrequentlycovered byclouds (Alvarado et al., 2020). The datt used for this analyst®vers the
period from May 2018 to June 2020

3 Global Observations ofNitrogen Dioxide

Numerous papers have shown tRROPOMI measurements of troposphericAOlumn amount are wedluited for

detecting emission from a variety of anthropogenic sourcésdimg traffic, power plants, and industiyan der A et
al., 2020;Goldberg et al., 2009 The atmospheric lifetime of N@nd its vertical profile shape dite that the high

spatial resolution measurements from TROPOMI can readibture rapid weeto-week changes in neeurface

emissions from COVIEL9 impacted cities and point sour¢g€skiya et al 2021; Fioletov et al., 2021; Stavrakou et

al., 2021 Gkazelis et al., 202)1 To give context and overview, the global distribution of tropospherigbé€ed on

an annual average for 2019 with an oversampling resolution of approxir@d&ly 0.02 is illustrated inFigured:
The high resolution of these measurements enables further zooming to the regiaumddan, and citscale providing

detailed information about spatial distributiomsree further zoorn cases for central Chile and its capital Santiago,

for Paris, andor New Delhi are shown i#

rd-Santiago—A-furthiertooentrs He-and

its-capital-Santiago-is-shown-ligurel.; These casefdcusng on a shorter perigtoinciding with regiorspecific

COVID-19lockdowns (sedppendix B. Observed column amats of NG are compared to similar periods in 2019,

which arechosen to be longer than the 202€riod in order to reduce the effects of natural variability. Strong

redudions in the NQ tropospheric column amounts are observednd) lockdown period¢Bauwens et al., 2020;

Barréet al., 202; Griffin et al., 2020Qu et al., 2021). Interestingly, further zoom in shows that the relative reduction

is not uniform over a city, reflecting differences in the mix of source contributiordifferent quarters of a given
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Figure 1: Global distribution of NO 2 based on the annual average of tropospheric column amounts of N@easured by
TROPOMI for 2019 (top panel) shown in units of micromole per M. Using the same data, several zooin plots are shown
in the middle and bottom panels: regional zoonin for central South America (middle left) and a city-scale zoomin over
Santiago, Chile (middle right panels, comparing 23 March to 10 April 2020 with Mech-April 2019), over Paris (lower left,
comparing 15 March to 15 April 2020 with March-April 2019) and over NewDelhi (lower right, comparing 28 March to 22
April 2020 with April 2019). Note the different color scales in the three subpanels. The domairzsiof the panels is 1.5 x.Q
degree for Paris, and 1.1 x D degree for New Delhi.
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The lockdown periods arttie measures taken to mitigate the spread of CG\MWvere rolled out onountry and

often city-specific basisFigure 2 illustrates the temporal evolution of N@opospheric column amounts from January

to May over large cities acrod#ferent coninents. The observed reductions in China and India arasiied in more

detail in Sectiond and>5. Detailed information about thedkdown measures adopted for those cities ismjin Table

B2. Appendix B provides a detailed description of the observed reductions during the specHkidolsns for

individual (mega)cities shown iRigure2 and Figure3. The TROPOMI observations indicate substantial decreases

in NO. during the lockdowns in all studied cities, but the reducti@arg significantly from one city to anotheFweo
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438

439  Figure 2: Time series of TROPOMINO2 column amounts (in18*>meleamol em?) for selected cities for the period 1 January
440 to 11 JuneDecemberin 2019 (black dots) and 2020 (red dots). TROPOMI observations are averagedgen a 25 x 25kn? box
441 around the city center. The lines indicate thawo-week running mean for 2019 (black) and 220 (red). The grey zones
442 indicate the official lockdown period for each city. The reduction of the averagBlO2 column during the lockdown periad
443 relative to the same period in 2019 is given inset. Details about the lockdowates are summarized in Table3C2.

445 The lockdown periods and the measures taken to mitigate the spread of the-C@WéDe rolled out on a country
|446 and often cityspecific basis.Figure 2 Figure2and Figure 3 illustrates the temporal evolution of N&tropospheric

447  columns from January to May over large cities for different continents. The observed reductions in Chiriaand |
448  are discussed in more detail $®ct.4 and5. Detailed information about the lockdown measures adopted for those
|449 cities is givenin TableBE2. The TROPOMI observations indicate substantial deae irNO, during the lockdowns

450 in all studied cities, but the reductions vary significantly from one city to another.
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Figure 3: Same agsFigure 2, -Figure-2; for the European cities Milan, Madrid, Paris, and Belin, for an-extendedhe same
period of 1 January to 11 SeptembeDecemberin units of mol m2. Additional shading indicates thelockdown period (dark

grey), a transition period (grey), and the period with relaxed regulations (light grey).
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Figure 4: TROPOMI NO 2 tropospheric columns over Europe in the lockdown months MarckApril (top) and the post-
lockdown months July-August (bottom), comparing 2019 (left) with 2020 (middle)n units of mol m?. The difference is
shown in the right panel.

Relative concentraiin changes between 2019 and 20@29shown irFigure4), as mentioned previously, should not

be fully attributed to COVIBE19 lockdown measures aittide suosequenteduction of emissions. Daily changes in the

weather have a strong influence on the,ld@nhcentrations, even when the data is averaged over a month. In order to

estimate the impact of meteorological variability on TROP&E$ed\NO, observationssimulations were performed

with the LOTOSEUROS chemistrtransport model over Europe at a resolutioDdf®° x 0.1°. Using the same

emissions for 2019 and 2020, the simulations show that meteorological variability is respamnsibl@nes in the

montHy-mean, cityaveraged N@columns with a sigma standard deviation about13%. This variability is clearly

illustrated in e.q. the individual daily observationgrigure 2. The drastichanges in the range of -80% observed
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547 in the TROPOMI data and shown figure 1 throughFigure4 clearly fall outside this range and cannot be attributed

548  to weather alone.

549 A second compliation is the presence of clouddonths with persistent local cloud cover whierefore have a
550 reduced number of tropospheric column observations andewlilibit more natural variability. For quantitative
551 estimates of the COVH19 measures, these factors should be carefully takemadotunt. This can be done through
552 (i) daily-basel analysis of the N®plumes from cities using wind speed fields from meteorological models and

553  subsequent emission derivation (Lorente et al., 2019; Goldberg et al., 201@)mbining NG observations ith

554  analyzed wind fields (Beirle et al., 2019,2A0); (iii) regression models to estimate the impact of natural variability

555  and emission trends in the observations (Diamond and Wood, 2020);dghemistrytransport modelling (Chang et
556 al., 2020; Liu efl., 2020; Barré et al2021); and {v) inversemodelling and data assimilation approaches (Ding et
557 al., 2020; Miyazaki et al., 2020).

558 4 Regional Observations forChina

559  China was the first country to impose measures to limit the spread of the-G&R3 virus. Although no national

560 lockdown was declaredtrict local lockdown measures were implemented in many cities and provinces. In Wuhan,
561 the epicenter of the virus outbreak, the lockdown period lasted from 23 January 2020 until 8 April 2020, while in other
562  regions, it generally started in early Februaith measures being eased and lifted through March. In addition to the
563 lockdown measures, the yearly Chinese New Year holidays also affected the amount of anthropogenic emissions (Tan
564 et al., 2009), and scerds to be considered for proper interpretatiothe observations. The timing of the holiday

565 period differs from year to year and took place from 24 January to 2 February in 2020, and in the {d€Yieelsrdiary

566 and 1521 February for 2019 and 2018, pestively.

567 The impact of the COVIEL9 crisis @ air quality in China has already been investigated in several studies. Bauwens
568 et al. (2020yeportedthat tropospheric N©column amountsbservedoy TROPOMI during the lockdowdropped

569 by 4050% in the most impacted cities compared to the gaenied n 2019 éeeSect.3). Accordingly, topdown

570 estimated NOx emissions exhibited sharp reductions of up to 50% during the strict lockdown period in late January
571 through early February (Ding et @2020; Liu et al.2020; Zhang, Ret al.,2020.

572 In situ data indicate significant reductions ofgnd concentrations for NQbut also for PM, Sg)and CO (Shi and

573  Brasseur, 2020; Wang et al., 20Zhang Z. et al., 2020; Zhao, Yet al., 2020). On the other handpsle studies

574  consistently reported increases of ozone concentrations. With the sofgpodels, Zhapy. et al. (2020) have shown

575 that the observed decreases in.NOncentration were mostly caused by emissions reductions.al$@ghow that

576  the contribtion of meteorological changes to the observed concentration reductions of othes slepeinds on the

577  exact location. Based ddMI observationsZhang, Z. et al. (209®bserved reductions in East Asia of about 33%

578 and 41% for N@and SQ, respectively.

579 City-scaleimpacs of lockdownon NG, tropospheric column amourfr Wuhan and Beijingire presenteith Sect.

580 3. Here,we investigate whether a lockdown signature can be detected from space at i segile for other ke

581  pollutants by focusing on TROPOMI tropospheric column measurement,pCE8DHCHO, anCHOCHQ We also

582 compare the identified changes with the marked changes incbi@entrationFigure 5 compares monthly mean
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583  tropospheric colmns of those different species for February 2019 and 2020. ThemMO5Q tropospheric column

584  amounts are clearly lower in February 2020 compared to 2019. A small gextkretion is also visible in the CO,

585 HCHO and glyoxal column amounts. As discussetbie, many factors other than the lockdown measures may
586  explain changes in pollutant concentrations, such as the meteorology or emission reduction related to thfe timing o
587 holidays. Another difficulty to compare different years is the data samplingbhudry 2019, large parts of Southern

588 China were covered by clouds, preventing sgzaeed observation of the lowermost atmospheric layers. This is
589 clearly illustrated inhe upper panel dfigure5 showing CHOCHCGCeeneentrationsolumn amountswhere data is

590 missing over large regions since this product uses the most stringent cloud filtering as compared to the other trace
591 gases. Therefore, the following detailed discussion only focuses on the northern part of China (blagiguwz 5n

592  top left panel), even though the lockdown measures were stricter in the region of Wuhan.
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597 Figure 5: Tropospheric and total columns for various tace gases over China as observed by TROPOMI over @fa in
|598 February 2019 (upper panels) and 2020 (lower panel) units of mol m?. The black box indicates the geographical region
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used in the time series analysig-{gure 6). Note: the greyshaded regions in N@ and CHOCHO panels (fr left and far
right, respectively) indicate areas with little or no data available due to persistértocal cloud cover.

Figure 6 shows the seasonal cycles for tropospheric column amounts of TROPOMISEE) CO, HCHO, and
CHOCHO for different years inorthernChina (region in black box highlighted Figure5) starting at the beginning
of the operational phase of the SS5P/TROPOMI mission (30 April 2018). The different colored curvésciweek
medias of the daily mean tropospheric columns. In ordéoc¢as onthe effect of COVID19 lockdown measures for
HCHO and CHOCHO, the TROPOMiased time series are compared with an ©DlHed climatology for these
species using OMI data from 2010 to 2018, ahdws by the black dashed curves. The associated uncertainties
represent the interannual variability as estimdtem OMI. This type of climatological reference based on a longer
time series is not available for CO. Therefdtigure6 shows CO columns starting fromJanuary 208, which have
been addetb extend the time series even though the data sampling was more limited in the early phase of the mission.
The light vertical boxes in January and February indicate the periodrsgtiNew Year holidays. Note that the 2020

holiday period was slightly extended as a first measure against the CC/$pread.
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Figure 6: Two-weekmedian tropospheric columneencentrationsamountsof NOz, SG;, CO, HCHO and CHOCHO (from

top to bottom) for northern China (34°N-40°N; 110°E120°E)in units of (micro)mol m™. The year 2020 is represented in
red (2018 in blue, 2019 in blackand Fhe-different-ecurvesrepresentdifferent-yearas indicated in the legend. The colored
boxesrepresentcorrespond tothe yearly Chinese New Year holidays for those same years. The dashed black lines in the
HCHO and CHOCHO panels represent a climatological seasonality as obtained using the OMI data sets from 2010 to 2018
and the error bars represent the interannual variability (1-sigma standard deviation).

Superimposed on the overall seasonal cycle of (#@ximum during wintertime caused by a longanospheric
lifetime), a clear reduction of the N@olumns is systeatically observed wikh correspondso the New Year
festivities While a quick return to higher values is usually observed after that period (Tan et al., 2009),the NO

columns remained lower for several weeks in 2020 likely as a consequence of the reduced traffilcistied
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628  activities.For exampleNO, columnamouns at the end of February were about 45% lower thase of 2019In

629  March 2020NO; columns return progressively a similar level agompared tmther years.

630 SO, emissions in China mostly originate fromskil fuel burning of coal and oil (Wang et al., 2018). Although

631 Chinese S@emissions have dropped significantly in the last decade (van denlp 2017; Zheng et al., 2018a

632 enhanced Sg&xolumns are still akerved in some regions of northern ChiRay(re5). As illustrated irFigure6, SO,

633  column amounts are larger during wintertimestlydue toits longer atmospheric lifetime.ée et al.2011). No clear

634  reduction could be related to the yearly talis.However, in 2020 aharp drops observedstarting in late January

635 through midMarch with a reduction of up to 77% as compared to 2BY9ate-March/earlyApril values returedto

636 levels similar to previous yeanshich is consistent with the Ndockdown signature.

637 In northern Chindhe residential sectorconsisting ofmostly of emissions fromheating and cookingiccounts for

638 nearly half of the anthropogenic CO emissions, while the rest is distributed between traffic, power generation, and
639 industry (Zheng et al., 2018bSince theimpact of lockdown measuresnsore limited for tle residential sector as

640 compared tdhe transporbr industrialsectorstheresponse of CO to the lockdown meastsesxpected to be less

641  distinct Also, due to thednger atmospherilifetime of CO(weeks to a monthjhe observed column amounts result

642  from the accumulation of the trace gas over source regions and fromalogg transport from regional and global

643  sources. As such, meteorology significgritifluencesCO concentrationsThe observedday-to-day variability &

644  indeed largeleading to more scatter in theo-weekmedian time series shownhiigure6. The CO columns observed

645 in late February/early March are lower than those oleskirvthelast two years, which might be partly caused by the

646 lockdown measures. However, the high temporal and spatial natural variability of the CO column amount is of the
647 same magnitude as the possible COMI® lockdown signaland thelarge yearto-year interanual differences

648  prevent firm conclusionfom beng drawn. Dedicated model simulations or a longer time series of the TROPOMI
649  CO data may help to disentangle these effedsdfuture.

650 There are difficulties associated with the investigatiba pasible lockdown signature in the satellite HCHO and

651 CHOCHO data sets. Large uncertainties are associated with both of these column retrievals owing to their low optical
652  depth. Moreover, HCHO and CHOCHO columns are dominated by biogenic emisgnicts expains the observed

653  seasonal pattern of HCHO and CHOCHO column values with a maximum during summertime as illushigted in

654 6. Variability in meteorology (temperaichanges, winds, precipitatipmay lead to changes tolumn amounts on

655 the same order of magnitude as the expected lockdelated reduction in anthropogenic emission changes. The
656 interannual variability as inferred from the OMI data sets is estimatee in the range of 1x3¥0molec cn? (~30%)

657 and 1.X10' molec cn? (~12%) for CHOCHO and HCHO, respectively. Despite those issues, a clear minimum is
658 visible for both HCHO and CHOCHO in late February 2020, with columns significantly lower than 20k8\end

659 than the OMI climatology (abou#t0% and-50% for HCHO and CHOCHO, respectively). The differences are also
660 larger than what can be explained by the typical interannual variaBitity.is in agreement with Sun et al. (2021),

661  who finds a significanHCHO decrease in the Northern China Pl&nor glyoxd, a reduction of the column amounts

662  starts already in late January but similar reductions are observed in other years and might be related to a holiday effect
663  similar to that observed for NO
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664 It is interesting to note that local minima are obsenwediléaneously in late February 2020 for all species except

665 NO,, despite the data products being generated using independent retrieval algorithms. This gives confidence into the
666  detected reductions atigeir anthropogenic origin. The small delay betweernrttial decreasén NO, concentration

667 column amouni@and theobserved decreases in ththertrace gass signalsis related to a combination of longer

668  atmospheridifetimes andproduction being dominatl by secondary processescompared thlO, (Stavrakowet al.,

669 2021)and is alsdikely tied to the early timing of the Chinese New Year in 2020.

670 5 Regional Observations forindia

671 India implemented strict national lockdown measures limiting activities across the country starting 24 March 2020 for
672 a period 621 days in order to tackle the spread of the SARY-2 virus amongst its 1.3 billion inhabitants. The

673 initial stringent phaséd restrictions were followed by careful regibased relaxations in three subsequent phases
674  carried out through the end of Mag shown imTable2.

675

676  Table 2: Lockdown phases in India.

Dates Measures Reference

Phase 1 24 Mar to 14 Apr Nearly all services and factories suspende Singh et al. (2020)

Phase 2 15 Apr to 3 May Extension of lockdown with relaxations BBC News (2020)
reopening of agricultural businesses &
small shops at half capacity

Phase 3 4 May to 17May Country split in 3 zones: (i) lockdown zon India today (2020)
(i) zone with movement with private an
hired vehicles, and (iii) normal movement
zone.

Phase 4 17 May to 31 May Additional relaxations, more authority give The Economic Times
to local bodies. 2020

677

678

679 Figure7 gives an overview oTROPOMI observations dflO,, SG, CO, HCHO, and CHOCHQyver Indiafor

680  April 2020, thus covering most of phase 1 and 2 of the Indian lockdown, as compared to theosémia 2019. For

681 NO, and SQ theeconcentrationsolumn amountare clearly lower across the country in 202€@aspared to 2019.

682  Although lespprominent eencentrationsolumn amountef CO, HCHO, and CHOCHO appear to be lower in April
683 2020 over the donaof the IndeGangetic Plain (IGP), which is one of the most densely populated areas of the world
684  with roughly900 million people.

685
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689  Figure 7: Tropospheric and total columnsCencentrationsmaps for April 2019 (top row) and April 2020 (bottom row) for

690 the varioustrace gasspecies measured by TROPOMI from left to right, NQ, SO, CO, HCHO and CHOCHO, shown in
691  units of molm=2.

692

693 The two main sources of NQre road transport and power generation, each accounting for about 30% of total
694  arthropogenic emissions in India (Granier et al., 20D8)ring phase 1 of the lockdown the T-dram traffic index

695 dropped by 80% (Aloi et al2020; Prabhjote, 2020) and emgrgonsumption dropped by 25% compared to 2019
696  (Dattakiran, 2020POSOCO, 2021(Fig. D1). As such, we expect strongreduction in NQ particularly in urban
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areas due ttarge decreas intransport sectoactivities and we expect a weaker reduction neargp plants due to
smallerdecreasem energy demand.

Indeed, as indicated by the maps of MOlumneoncentratioramountdn Figure7, a notable reduicin in NOG; can
be seen in April 2020 as compared to April 2019. A clear reduction is observed over major cities as well as over the
eastern part of India where most large power plants are lodatptte 8a shows the average NM@tal column
cencentrationamountsas measured by TROPOMI for 2018, 2019 and 2020, for the 40 largest cities in India selected
on the basis of the number of inhabitafs/w.geonames.org) where N@ averaged over a 15 x 15 karea around
each city centeWhen both city centers and power plants are located within a 45 x#gokinthis box is excluded
from the averages to avoid potential ouiflof one source to thether. Asharp reductionf 42%can be seen ithe
amount of NQ over cities during theirst phase of théiockdown periodstartingat the end of Marclgscompared to
the same period in 2@ This initialdrop in NQ is then followed by a slow but graduaktrease in line with the
successivealaxation phases (Table Bower generation ismajor source for N@in India, in particular from coal
fired power plants. When examining the average amount of ®@r the 100 largest cofited power pants
(www.wri.org), we observe significantdrop in NG during phase 1 of thimckdown period.This drop, observed
over coakfired power pants of 23% as compared to 20Bg(re8b), is less pronouncethanthe observediropin
NO; over cities Figure8a). TheTROPOMLIobservedreductionin NO, over coalpower plantds in line with the
initial 25% decrease in maximum electricity demand reported by National Load Dispatch Centre (Nkibgjhase

1 and tapering to aB% decrease duringiase 4 of the loadown as compared 019 (Fig.D1, Dattakiran, 20Q).
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Figure 8: Average tropospheric NQ eencentrationscolumn amountsfor May 2018 (green), 2019 (blackyp until Jure
December2020 (red) over the 40 largest Indian cities (top); over the 100 largest power plants in India (halle); and
average SQ concentrations over the 59 largest S&emitting power plants in India (bottom). The four different phases of
the lockdown period are denoted by the different grey shading. For each phase, the reductions in NOr SO)
concentrationsare given relative to the same period in 2019. The dots are the daily means, and the safidd represent
the 7-day running means.

According to theCAMS-GLOB-ANT emissioninventory for 2019 the major sources for S® India are power
generation (65%and hdustry (25%)Granier et al., 2009 Since India largely relies on coal for producing energy, it
emi t ty@iretalg 2017aS0tntost af heoSE3gnal we sed i TROPOMIata

for this region(Figure?) is from coalfired power plantsyherecontributions fromoil and gas plants in tha comprise

isthewor | dé6s top

a much smaller padf the signal (Fioletoet al, 2016) FromFigure7, a reduction in S@is visibleovermost ares,

and is especially noticeabl e for t he,emitdirngtegionwithonere

than 20 coafired powerplants.
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732 We have investigated the $8CD amounts over the largest power plants, and adapted the selaetiood used

733  for NO2 by considering a larger area of 50&m?2 around each power plamhis is justified by (1) the longer lifetime

734  of SG compaed to NQ, (2) the lower contamination by other sources, and (3) the need to reduce the noise on the
735 SO datato more clearly isolate the signal from the power plant. The results of the averageé@B3@me series are

736  presented irFigure8c. It should be noted that, compared toJN@n additional selection of the power plants was
737  applied Based on the SQO/CD map for April 2019 Figure7), only the power plants with mean $lumns larger

738 than 0.15 DU were considered (59 power plants in total). Although the signal is relatively weak, fareSiad very

739  similarreductions inrSG; as compared to NOEspeciallyduringthe first two phases of the lockdown, a reduction of

740  about 20% is found which is in line with the B@bservations and the reported reduction in energy derraMhy,

741  for the different years, theorsistencybetween NQ and SQ VCDs is lessstraightforwardand the reason for this is

742  not fully understoodIt should howevebe notedthatthe NO, and SQ data productslo not use the same cloud

743  productsfor filtering and this might be a reason for discrmcy. Moreove, the possibility of a systematic

744  contamination of the N@signal over power plants by other sources cannot be ruled out completely. A noticeable
745  feature ofFigure8b andFigure8c is the oveall excellent correspondence between:M@d SQ VCD evolution (on

746  shorttermkeasonal basis, and outside the lockdown periods) as well as from year to year. This further strengthens the
747  observed COVIBL9 related drop in both trace gases, although iteigrahat meteorology and chemistry likely play

748  alarge role ithe observed VD variability. Also, groundbased studies in New Delhi find a more important reduction
749  in NO, compared to S@XMahato et al., 2020; Kumari and Toshniwal, 2020).

750 For HCHO, CHO®O, and CO, various regions over India have been investigated to detectitdepsigmal

751  resulting from COVID19 lockdown measures. We could only identify such a signal in the densely populated areas of
752  the IndeGangetic Riin and New DelhiThese areagiue tothe high intensity oftraffic and industrial activitiesare

753  mostlikely to exhibit larggmpactson atmospheric pollution levels due to COVID lockdown measures.

754

755  Figure 9Figure9 shows tweweek averaged column valugs HCHO, CHOCHO, and CO over the IGP and New

756  Delhi, based onTROPOMI data from Jarary 2018 to June 2020. To support the interpretation of the observed
757  seasonal and interannual variations, F)g. presens the corresponding temperatupeecipitation amont, and fire

758 count. The temperaturstars increasing in January and reasta maximum in June. The period from July to

759  September corresponds to the marsseason with heavy rains and lower temperatures, and tledlafe@r pollution

760 levels. Fireactivity peaks around May with a second peak is observed in November for the IGP. The time series of
761 the HCHO, CHOCHO, and CO columoarrelatewith these seasohavents, although with a different amplitude. For

762  example, HCHO shows the strongest correlatigth ¥emperature (see Seeth), while CHOCHO mainly follows

763 fire emissions. The smaller amplitude in CO variations is caused by its longer lifetime.
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Figure 9: Time evolution of HCHO, CHOCHO, and CO over the densely populated IndegGangetic plain (ight panel
defined by the regionwithin this 4 coordinates: 29.5°N 72°E, 21.5°N 86°E, 24.5°N 88.5°E , 32.5°N 74.5°E), and over the
megacity New Delhi [eft panel, radius of 25 km, or 50 km for CHOCHO) asobserved with TROPOMI. The year 2020 is
represented in red (2018 in blue, 2019 inlack). With the HCHO and CHOCHO time series, the OMI climatology is shown

for comparison (dashed black line, 2012018), the error bars represent the interannual variabiliy of the two-week
averaged columns. The HCHO columns have been corrected in orderassume the same temperature every year (see Sect.
2).

A large part of the observed HCHO and CHOCHO columns for India are due to natissibeaswhich can vary
significantly due to changes in meteorology, in particular temperature and precipitation. Hence a possible reduction
of the anthropogenic VOC emiss® due to the lockdown measures is expected to have a small contribution to the
variability of the measured columns. Duritige most stringent phase 1 lockdgqvenreduction in HCHO column
cencentrationsmountis observed for the IGP and is even more pumted over New Delhi (

Figure 9Figure-9 top paned; respedvely -2 and-4x10"> molec cn? [-20% and-40%)] compared to the OMI
climatology for 20162018).In both cases, the anomaly is larger than the interannual variations observed during this

period (about 1.5x20molec cn?), where changes in temperature agipitation do not seem to e the observed
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column decrease during phaserhe observed column declirie even more pronounced over New Delhi ttoaser
the IGR suggesting that the origin of the reduction is mostly anthropogenic.

The case for lockavn-driven reductions is furtlesupported by the CHOCHO observations, which exhibit the
clearest COVIDP19 signal during phase 1 of the lockdogvn
Figure 9Figure9). The reduction of CHOCHO during the lockdown period over the I&Blightly larger than the
interannual variabilityof 1x10 molec cn¥ (or -25%) as determined from the OMI CHOCHO climatology. Similar
to HCHO, the reduction in CHOCHO over New Delhi is twaselarge 60%) and well beyond the-sigma OMI
climatology range. Phase 2 is also characterized by lower CHOCHO column amounts in 2020 as compared to 2019,
but temperatureare also lower, unlike phase Accounting for temperaturériven variability(Sed. 2.5) brings the
HCHO columns a@se to the mean HCHO seasonal levEfge somewhat more pronounced effect of the lockdown on
CHOCHO compared to HCHO in New Dells most likely due to thetrong contribution of anthropogenic VOC
precursors t€HOCHOamounts (Chan Miller et al., 2016hterestingly, fire counts show that there were fewer fires
in May 2020 compared to previous yeéfgy. D2), most likely as a consagnce of the lockdown measures, which
may also contribute to the lower glyoxal columns.

As it was the caseof China,it is more difficult to identify a signain CO column datariven by the COVID19
lockdownsover India An important reason for this the much longer atmospheré&sidence time of CO that varies
depending on the OH concentration (Hollovedyal, 2000). Moeover,according to bottorup inventoriesthe major
anthropogeni€O source in India amue to theesidentiakecton(42%), roadransportation (21%), agricultural waste
burning (18%) andhe industrialsector(16%) (Granier et al., 20)9Hence, duringa lockdown we expect that the
main source of CO, residential, to be less affedteglire 7 shows that the CO amounts in southern India are higher
in 2020 as compared to 2019. The enhanced CO values in 2019 and 2020 are detected abo{e gedladbya

Pradesh, Odisha, and Chhattisgarh) where seasonal forest fires commonly occur in April/May (Chandra and Kumar

Bhardwaj, 2015, Srikanta et al. 2020). Thus, the enhancement of CO for the different years depends not only on the

fire_activity but also on howthe meteorological situation prevents or permits the accumulation of CO in the

atmosphere. To more fully address the reasons why CO is higher in 2020 than 2019, future studies could carry out

calculations using a chemical transport mé&ég!

peried The long atmospheric residence time of CO complicates #mdifidation of COVID19 lockdown signals.
Also for CO we derived the full TROPOMI time series for the IGP and New Delhi as shown in
Figure9rigure9 (lower panel)The time series for New Delhi in miéipril shows somewhat lower@valuesn 2020
compared to 201%ut thelarge natural variability of CO prevents clear identification oA/ -19 lockdown driven
effect. In future, analysis of donger TROPOMI COtime series omodel experimentsnay help to quantify the
COVID-19 effect.
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6 Conclusions

In this paper, we have analyzed the impact of CO¥fockdown measures on air quality around the globe, based
on observations afeveratrace gases from the Sentirftd?/TROPOMI instrument. TROPOMI providelaily, global
observatios of multiple trace gaes,where the measureatrtical column amounts are driven by emissions as well as
atmospheric and chemical processes of transport, transformation, and depd&tcympared the 2020 TROPOMI
data with similar periods from previousars and carried outlditional analysis talisentangle changes in emissions
due to COVID19 lockdown measures from meteorologicvariability, seasonal variability, and from other Ron
lockdown emission driverdVe analyzed time series of N@easurementBom city to regional scales for several
locations around the globe, showing the potential of TROPOMjldbally monitor local to regional impacts of
COVID-19 lockdown measures on air quality and anthropogenic emissions. Furthermore, for the firsetirss w

a combination of five trace gases observed by TROPOMI, specifically S CO, HCHO and CHOCHO, t@ssess

the impact of COVIBL19 related lockdown measurestrace gas concentratians

From the global to city scaleje have illustrateatonsist@t, sharpdecreases in NCeeneetrationscolumn amount
driven by the COVIBR19related lockdown measures. These findings aset) on detailed analysis of the distribution
of NO; usingdaily measurements from TROPOMHor the city of Wuhan in China, thedicity to issue a lockdown,
NO. concentrations measured by TROPOMI were about 60% lower than the sameirp&ebduaryMarch 2019.
After China, lockdowns were issued across all continents and for the majority of cofrotriddarchthroughMay
2020. For megacities all over the world, reductions in column amounts of troposphetical@e between 14% and
63%. Thestrengthof the reduction depends on the type and efficiency of local measures carried out and on the relative
contribution of traffic, indusy, and power generation to N@®@missions for a given aré@wingto the unprecedented
resolution of TROPOMI of about 5 km, reductions of different source contributions tostth as city traffic,
highways (Liu et al., 2020), power plants (Miyazaki et 2020), industry, and shipping (Ding et al., 2020) can be
estimated separately.

As demonstrated by time series analysis of the dbli3ervations, there is substantial variability evetwiorweek
averages, which is attributable to meteorological véitgbOn average, we estimate the standard deviation of this
variability to be about 13% (&igma standard deviation) for major cities in Europe, but locally the effect can
sometimes be larger. The large and systematic reductior8008) observed, howewecannot be explained by
meteorological variability alone and are therefore attributed to the effect of the lockdown measures.

For SQ, weobserve significant column reductioimsChina and India over coéired power plantswhich are the
primary souces of anthropogeni80; in these areas. Over northeastern China in late February 2020, large reductions
of SO vertical columnamouns were observed, as a result of lockdown measures, with a decrease up to 77% as
compared to the same time period in 204Bich cannot be explained by int@nual variabilityalone An analysis of
SO, vertical column amounts over the largest®itting power plants in India, reveals a reduction in 8Gbout
25% during the first two phases of the lockdown, as compar2@dl1®. For Indiathereductions in S@were highly

correlated witiNO, reductions for the same power plants aiiith the nationalenergy demand for that period.
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The natural variability of HCHO and CHOCHOeBmot allowdetection ogsignificantdecreae due to the COVID
19 measues in most regions of the wortdhsed oiTROPOMIobservations alone. Exceptions acgthern China and
New Delhi, where observed reductions could be attributehet locklown measures. For northeastern Chin&0%
reductionin the CHOCHGQzeneentratiertolumn amounis observediuring the second half Februaryhich is larger
than the typical observed interannual variability of 30%. For HC&f@r correcting for the effect of seasonal and
temperature variationsje observe aoincident40%reduction We analyzed column amounts of CO, CHOCHO, and
HCHO over the Indgsangetic Plaimnwhich isthe most densely populated region of India. For CHOGHOHCHQ
we observed small reductions in column amount due the C&¥lneasures, whe these observed effects are
slightly larger than the interannual variability as determined usm@MI climatology (20162018). The observed
reductionof 25% of CHOCHGQin this regionis of the same order as the typical interannual variability. A stronge
reduction of 60% is observed for the city of New Dglttiich is similar to the reduction observed over northern China
but occurs later due to the difference in lockdatiming. For HCHO, we also observe a significant 40% decrease
over New Delhi in Apri] while over the whole Ind&angetic Plain, a decrease of 20% is observed

For CO, reductions related to COVI® measures were muahore difficult to identify, althaugh over wrthern
China we see that the reductions in CO correlate with those for HEIH@HOCHO. We could not find a similar
effect for CO over New Delhi. The fact that it is so hard to draw conclusions fdyaSéd on the TROPOMI data
aloneis due to tle high variability in CO driven by meteorological conditions, in combination withdiffieulty of
distinguishing localized emission changes from the high and variable background values, caused by the long
atmospheric lifetime of CO.

TROPOMI data havelready been used in many publicatioB&dtzelis et al., 2021; Bauwens et &020;Liu et
al., 2020;Huang et al.2020)aimingto analyze the impact of COVHD9 lockdown measures on air pollution levels.
Predominantly, thesstudieshave been based dhe use of TROPOMI N@observations alone. We anticipate that
the combined use of migte trace gases from TROPOMobgether withthe high spatial resolution of the
measurements, has large potential for a significantly improved sgmoific analysis ofhe impact of the COVID
19 lockdown measures than previously possilBech a multispecies analysis offers promise for-depth
understanding of changes in air qualitye chemical interplay of pollutants in the atmosphere and their relation to
emissionsWhile keeping in mind the importance of accounting for interannual, seasonal, @odotogically driven
variability (e.g. Miyazaki et al., 2020), it is clear that a detailed analysis cannot be based on TROPOMI observations
alone. For more quantitativestimates of the impact of COVID9 lockdownmeasure®n trace gas concentrations
andemissions, we need (inverse) models driven by-higdiity meteorological analyses, or at least wind information
or statistical relationships to account for weaithéven variability (Goldberg et al., 2020; Miyazaki et al., 2020; Ding
et al., 2020).

In summary, our analyses using the most recent operational and scientific retrieval techniques have shown that by
taking emission sources, atmospheric lifetime as wels#asonal and meteorological variability into account for a
variety of trace gases mgaed by TROPOMI, rapid changes in anthropogenic emissions can be observed as induced

by the implementation of regional COVAI® lockdown measures. It is our hope thas ttase study will serve as
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reference for future analyses aimed at characterizingsemischanges of not just NObut by utilizing the

concomitant observation tifievariety of trace gases measured by TROPOMI.

Appendix A

Table A1l: Summary of documentation available for TROPOMI operational data products from the Sentinel &P Library
(http s://sentinels.copernicus.eu/web/sentinel/techniegliides/sentinel5p/products-algorithms).

Title

Document content description and

product-specific reference

Document and Data links

Product Readme
File (PRF)
NO:2
CcO

HCHO

Description of changesetwea—in
different———product versions
recommended ga_ valueand overall
quality information

Eskes and Eichmann, 2020
Landgraf et al., 2020

De Smedt et al2020a

https://sentinels.copernicus.eu/web/sentinel/techni
-guides/sentinebp/productsalgorithms

ga value recommendation: > 0.75

ga_value ecommendation: > 0.5

ga_valueecommendation: > 0.5

Product User

Manual (PUM)
NO:2
(6{0)

HCHO

Techical  description of file
formatting for each TROPOMI Leve
2 operational data product

Eskes et al., 2020

Apituley et al., 2018

Romahn et al., 2020

https://sentinels.copernicus.eu/web/sentinel/techni
-guides/sentinebp/productsalgorithms

Algorithm
Theoretical
Basis Document
(ATBD)

Detailed description of methods us:
for each TROPOMI L2 operatione
retrieval algorithm

https://sentinels.copernicus.eu/web/sentinel/techni
-guides/sentinebp/productsalgorithms

NO: van Geffen et al., 2012021 Note:the2019 ATBD describeg. 1.3.0NO, data used
in this paper
CcoO
Landgraf et al., 2018
HCHO
De Smedt et al., 2020b
Quarterly Detailed description of the late: https://mpevdaf.tropomi.eu/
Validation validation  available for a&ch
Report TROPOMI L2 operational datase
(ROCVR) productspecific
Operational Productspecific overview pages witl https://sentinels.copernicus.eu/web/sentinel/data
Data Product TROPOMI L2 dataset specification products
Specifications including how to access and how f1

cite each d@ product.
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https://sentinels.copernicus.eu/web/sentinel/data-products

895

896

897
898
899
900

Operational
Data Product
Citation and
Digital Object
Identifier (DOI)

NO2

Copernicus Sentinel-B, 2018a

CoO

Copernicus Sentinel-B, 2018b

HCHO

Copernicus Sentinel-B, 2018¢

doi:10.5270/S58%4ljg54

doi:10.5270/S5PLhkp7rp

doi:10.5270/S5RjIxfd2

Appendix B

Appendix B contains additional informatidiiable B2) and descriptiosupporting the timing of COVIEL9 driven

emissions changes for global cities evaluated in this study and shéwiia 2. Fig-—2-

Table B2. Detals about the lockdown dates for the citiedlustrated in Figure 2.Figure-2:

City Date (2020) Comment Reference
Wuhan 23 January Lockdown Wuhan and Hubei province Bloomberg (2020)
8 April Lockdown lifted Bloomberg (2020)
Mumbai and 24 March Closure of schools, publitansport and mos BBC (2020a)
New Delhi businesses
31 May Nationwide lockdown is extended until end Aljazeera (2020a)
May
Manila 16 March Philippines announced strict home quarantir Calonzo and Jiao (2020)
1 June Most businesses allowed toopen, it bars, Jennings (2020)
restaurants and schools remain closed
Madrid 14 March Nationwide lockdown Minderand Peltier (2020)
9 May Easing, stores and restaurants allowed to o] Goodman et al. (2020)
Milan 8 March Locking down of Northern Italy idading Horowitz (2020a)
Milan
4 May Loosening of strictest lockdown measures  Horowitz (2020b)
Paris 17 March France imposes nationwide the restriction Onishi and Méheut (2020)
11 May Gradually relaxed lockdown measures, m Makooi (2020)
shops open
Los Angeles 19 March California entersockdown BBC (2020b)
1 June Reopening of some shops and restaurants  Patel (2020)
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New York 22 March New York stateenterdockdown BBC (2020b)

13 June Stayathomeorders put in place untfurther CBS News (2020)
notice
Sydney 24 March Strict lockdown measures adopted in Austre Wahlquist (2020)
15 May New South Wales easkxkdownrestrictions Sonali (2020)
Auckland 23 March In New Zealand stagt-home orders are issue Menon (2020)
14 May All businesses can open in New Zealand  Conforti (2020)
Mexico City 23 March Most economic sectors stopped in Mexico  Pasley (2020)
1 June Gradual reopening of Mexico city Associated Press (2020)
Lima 16 March Stringent quarantine enforced Ipplice and Collyns (2020)
army
30 June Peru extended nationwide lockdowvtiwrough Aljazeera (2020b)
end of June
Sao Paulo 24 March Start of lockdown, but measures wédaegely Uchoa (2020)
ignored
31 May Quarantine extendatiroughMay CGTN(2020)
Buenos Aires 20 March Argentina under mandatory lockdown Do Rosario and Gillespie
(2020)
28 June Lockdown extended Misculin and Garrison (2020
Baghdad 22 March Irag imposed a total nationwide lockdown  The Star (2020)
21 April Relaxed restrictionsshops reopen fdimited Saleh (2020)
hours
20 May In Baghdad strict lockdown +ienposed for 6 Saleh (2020)
districts
Lagos 30 March Stayathome order, markets open for limite Orjinmo (2020)
hours
4 May Easingof restrictions but schools, ba, and Mbah (2020)

cinemas remain closed

Johannesburg 26 March Stayathome ordesissued in South Africa Winter (2020)

1 June Most economic sectors permitted to operate Aljazeera (2020c)

901

902 Detailed observations of NO reductions in major cities waldwide

903 Threeexamples of lockdownelated NQ column reductions in major cities are shown3antiagoParis and New

904 Delhi in Figure 1 with time windows selected to reflect regisepecific lockdown periods. A strong reductionthe
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NO, tropospheric concentration of about 40% is observed over SantaBaris, the N@levels for the period 15
March to 15 April 2020 are about a factor of two lower than in Mdghl 2019 (see als&igure4). For NewDelhi

the reduction is even more strikiiin comparison to April 201%bout a factor of Figure 2¢). Both Paris and New

Delhi also show significant reductions in background values around the Biiglsground locations areilsject to a

variety of wind directions and sometimes downwind of city pluthas influencindbackgroundoncentrationsSuch

plumes are typically on the order of 100 km long, ,aiiden the atmospheric residence time of ;N®12 hours),

these plumes cdill the small domains around Paasd New Delhi shown iffigure 1.

In Wuhan, the first city to issue quarantines and lockdown measures, the obsepvanlud® drastically declined
(-60%) between 23 January and 8 April 20@thpared to the same period in 20EB(re 2a, TableB2). This decrease
is in good agreement with estimated reductions for the period 11 February to 2 Marchs¥iP0rbaROPOMI N©
(-43%, Bauvens et al., 2020) and in situ MObservations in Wuhang5%, Shi and Basseur, 2020). However, it

should be noted that there was strong-ttaglay variability in the N@column amount due to meteorological factors,

as well as missing data over Wuhan abRiary 2019 due to clouds. Model calculations by Liu et al. (2020)aitsdic

that meteorological variability could have led to increased diflumns in 2020 compared to 2019, suggesting that

the observed N&xeductions underestimate the impact of emisseductions due to COVI9. The partial lifting

of the restrictions on @pril led to a progressive increase in pf@vels, yet remained lower than in 2019, likely

because the population was still advised to stay at home and schools remained closeldr Aesponse in NO

levels was observed in Beijing. The decreases wesegmnounced40%) and are in excellent agreement with the

reported decrease based on in sitw N@asurements40%, Shi and Brasseur, 2020). The weaker response could be

due to tfe less drastic measures adopted in Beijing, because locally sustainéd-C@WVases were lower than in the

Hubei province (Leung et al2020). Strong N@reductions were observed for other Chinese cities, like Nanijing,
Qingdao, and Zhengzhou, based orlOFROMI NG, observations (Bauwens et,&020).

India enforced strictastrictions of human activities on 24 March 2020 to tackle the spread of CO3/IM New

Delhi and Mumbaithe onset of the lockdown induced a sharp decline in the observeddN®ms (by a factor of

2). The columns remained low during the entire lockdgyeriod (56% and-46%, respectively) (sedable 2 for

timing of Indian lockdown phasé@sThis isvery much in line with the decreases reported in New Delhi based en NO
data from monitoring stations53% (Mahato et al2020) and48% (Jain andSharma, 2020).

As compared to other cities, a very strong,Mi®crease was observed in Lim&3%), whee strict requlations to

stay indoors were enforced (Collyns, 2020). A drastic drop ia ddpared to the 2019 levels marked the start of

the lockdown, and the levels remained very low throughout the entire lockdown period. The gradual increase of NO

columns in Lima and other Southern Hemispheric cities from January tdf@ye 2)) reflects the natural seasonal

variation when levels peak during the SouthElemispheric winter, as temperatures decrease andlifikfime

increases.
In Buenos Aires, the observed reduction was not as strong compared to Lima for the entire lockdowrBgesiod (
TableB2), but wasparticularly marked during the first month dfet lockdown (20 March through 20 April 2020),

due to a compulsorguarantine period and strict limitation of activities for many sectors. Although partial lifting of

measures was issued after 10 April for mprwinces in Argentina, the measures in thers Aires agglomeration
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were maintained due to the elevated number of cases (Raszewski and Garrison, 2020). More moderate reductions are

found for Mexico City {22%) andSantiaga-23%) during the lockdown itomparison to the same period in 2019,

that cauld be attributed to less strict adherence to and enforcement of lockdown measures @2&thdzasley, 2020).

Strong reductions were observed over the entire lockdown pertbd meavily hit cities inauthwest Europe, Los

Angeles, and New York, witreductions ranging betwees?% and-54% (Bauwens et al., 2020). It should be noted

however, that in these reqgions, the start of the lockdown period is generally less marked partly because the lockdowns

werenot as strictly enforced in Europe and the \ASin China and India. Moreover, the observed TROPOMI data

displays a strong variability attributable to meteorology, e.g. over Paris, New York and Los Angeles in 2019.

In Sydney, the reduction was modgs £14%) and delayed with respect to the ardfehe measuref-igure 29).

This could be related to observations of less strict compliance in the early period of lockdown measuresiffNew So

Wales Public Health, 2020 rapidand strong decrease was observed 05 &blumn amount as a result of lockdown

measures in Audand, New Zealand-$5%). Similarly, the lockdown measures in New Zealand were implemented

swiftly with high levels of complianceMatthews, 2020)The end ofhe lockdown coincided with a strong rease

in NO; pollution, from 1.8x1& molec cn? to 3x103° molec cn?in the last three weeks of May.

In Africa, Nigeriais among the countrigmost affected b€ OVID-19 and reported the first confirmed case in-sub

Saharan Africa (Odunsi, 2020; Adigun and Anna, 2020fwo-week lockdown period was put in place for Lagos

starting 30 March. The N{@olumn amount decread®y 33% during the lockdowwith respect to the same peatio

of 2019 and remained lower even after the lifting of restrictions btay (TableB2). An NGO, column decrease of

similar magnitude-85%) wasobserved in Johannesbuffgigure 2p), where a national lockdown was issued on 26

March 2020, with a gradual easing of redians starting 1 May. In SuBaharan Africa, the emission reductions in

April were significant for larger populous and industrialized areagreds no noticeable drop was found in less

developed regions (Masaki et al., 2020).

Finally, the Iragi capitaof Baghdad faced an initial lockdown from 22 March through 21 April. A second partial

lockdown was issued starting 20 May in response to gpsharease in COVIEL9 cases due to the temporary

relaxation of restrictions to allow the celebration of Ramadadate April (TableB2). The NG column responded

quickly (Figure 2n) as confirmed by the rapakecrease oncaurfew measuregere issues in laiMay.

Figure 3 andFigure4 illustrate the troposphericolumn amounbf NO, over Europe, focusing on Milan, Madr

Paris and Berlinextending the analysigp to 1 December. In France, Spain and ltaly we detect strong reductibns

NO,, which can be largely atbuted to the lockdown measures. In Berlin, the measured differences are smaller, and

a more detailed analysi$ the meteorological variabilitis needed to quantify the impact of the lockdoiseeFigure

3). The extended time series shows a recovery of thedélution levels to preaCOVID-19 values. However, the

recovery is not complete, suggesting that remaining restrictions, neatstayne life and working practices, togeth

with a downturn in industrial and servibased activities have contributed thhager lasting impact.

Appendix C

Appendix C contains figures which support the technical understanding of individual retrieval algorithms.
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Figure C1: Bias in S5pTROPOMI tropospheric NO2 as estimated from comparisons to ctocated groundbased MAX-
DOAS measurements, presented as a function of the grouhised VCD measurement. The gregcale background
represents a 2D histogram, where the median difference per MAXDOAS VCD bin is shown as the red curve, and the blue
dashed line shows a multiplicative tas (b) model with b ~ 0.5 x VCD. More details on the grountiased data and ce
location scheme can be found in Verhoelst et akp21
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SO, vertical column (DU) - April 2019

986

987 Figure C2: Monthly averaged TROPOMI SOz columns over India for April 2019, from (left) DOAS operational product
988  and (right) COBRA scientific product. The reduction in noise and offsetseductionas describedand illustrated in Theys et
989 al. (2021)can also be seen here where there is mazentrast betweeiis-clearfrom-the-mapsthe background and the Fhe
990  emissiensfremindividual point sources (power plants darker pink and purple) can be better discerned in the COBRA S©
991 map.
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Figure C3: Example of temperature correction of the TROPOMIHCHO tropospheric columns in the Indogangetic Plain
region. The dashed line presents the HCHO columns after correction using climatological temperatures. The correlation
between the local daily temperaturedrom ERA5-Land 2m and the HCHO columns is shownriset for the entire period.

Appendix D

Appendix D containsadditional figureshat support the interpretatidiming of observed changes @OVID-19

driven emissions related to power generafieig. D1)and meteorological conditions (Fig. D2)

45



1001

1002  Figure D1: Maximum energy demand over India during the period of the lockdown (red) compared to the same period in
1003 2019 (black), For each of the phases of the lockdown the reductions in maximum energy demandiigiy relative to the
1004  same period in 2019. Data fam: www.posoco.in/covidl19.
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